Current treatments for schizophrenia function by blocking neurotransmission at dopamine D2 receptors. These compounds have proven highly effective for treatment of schizophrenia and especially for management of positive symptoms. A range of compounds and formulations are presently available, which permits tailoring of side effects to optimize treatment for individual subjects. Nevertheless, many patients suffer from persistent negative symptoms and neurocognitive deficits that contribute to persistent psychosocial impairments and long-term disability. At present, there are no approved pharmacological treatments for either negative symptoms or neurocognitive dysfunction. Instead, various behavioral approaches such as diet, exercise and cognitive remediation may be needed to help optimize cognitive function and mitigate symptoms. Furthermore, neuromodulation approaches, such as transcranial magnetic stimulation (TMS) or transcranial direct current stimulation (tDCS) are beginning to be employed both to minimize symptoms and to augment cognitive retraining approaches. At present, encouraging effects of tDCS on persistent auditory hallucinations have been reported, and if confirmed, may open the way for more widespread use of nonpharmacological treatments. At present, phase III studies remain ongoing for α7 nicotinic agonists in treatment of cognitive impairments and glycine reuptake inhibitors for suboptimal treatment response. Furthermore, preclinical studies suggest that glutamate-based treatment approaches may be effective if applied early in the illness. Future studies are needed to determine whether this will lead to effective approaches to halt illness progression for individuals at high clinical risk for schizophrenia.
Introduction
Schizophrenia is a highly prevalent disorder that affects up to 1 % of the population worldwide. Symptoms are divided into multiple factors, including positive, negative and cognitive (disorganization) domains. Although many individuals show excellent symptomatic response to existing medications, others suffer from persistent negative symptoms and poor long-term outcome. Furthermore, as a group, individuals with schizophrenia show a significant decline in cognitive function during the years immediately preceding illness onset. Present medications have limited if any impact on cognitive function, which remains a strong independent predictor of impaired functional outcome in schizophrenia.
Currently available antipsychotics function by blocking D2-type dopamine receptors. The first effective antipsychotic, chlorpromazine, was initially synthesized as an anti-histamine and its antipsychotic effects were discovered fortuitously in the 1950s, leading to development of the dopamine model. Medications developed since then show a range of potencies and side effect profiles based upon binding at D2 versus other receptor types. Clozapine, which was first marketed in 1971, remains the gold-standard medication, although the basis for its preferential clinical profile remains unexplained. Long-acting injectable (LAI) antipsychotics as a class may also lead to improved therapeutic outcome relative to oral medication.
More recent models of schizophrenia focus on disturbances of brain glutamatergic neurotransmission. Glutamatergic models are based on the ability compounds such as phencyclidine (PCP) or ketamine to induce clinical symptoms closely resembling those of schizophrenia by blocking neurotransmission at Nmethyl-D-aspartate-type glutamate receptors (NMDAR). NMDAR, in turn, are modulated by endogenous brain compounds, including glycine, D-serine and glutathione. Small-scale proof-of-principle studies have been conducted with compounds of convenience such as glycine, D-serine, or N-acetylcysteine.
The glycine reuptake inhibitor bitopertin showed encouraging results in a phase II study. However, initial phase III studies for treatment of persistent negative symptoms have been negative, although studies focusing on suboptimal treatment response remain ongoing. Other compounds may influence glutamatergic neurotransmission indirectly; for example, by stimulating glutamate release via α7 nicotinic receptors. In some individuals, glutamatergic dysfunction has been linked to the presence of endogenous antibodies to the NMDAR, frequently in the context of a paraneoplastic syndrome. The prevalence of autoimmune forms of schizophrenia remains unknown. However, in such individuals, specific autoimmune therapy is clearly warranted.
An increasingly important target is the development of compounds to reverse symptoms early in the disorder and to prevent progression to psychosis. Glutamatergic excess may predominate early in the disease and lead to volume reduction in key brain regions, such as superior temporal cortex or the CA1 region of the hippocampus. Treatments aim at reversing glutamatergic hyperactivity, either by correcting underlying NMDAR dysfunction or modulating presynaptic glutamate release, might therefore be important new treatment approaches for use in individual at high clinical risk for schizophrenia.
Finally, increasing evidence suggests that glutamatergic function can be modulated by non-invasive brain stimulation approaches such as transcranial magnetic stimulation (TMS) or transcranial direct current stimulation (tDCS). Inhibitory-based brain stimulation targeted at auditory brain regions may be effective in treatment of persistent auditory hallucinations. Investigational approaches are needed to restore cortical plasticity as a means of reversing persistent neurocognitive dysfunction.
Diet and lifestyle
Diet and lifestyle are important and often overlooked factors in schizophrenia. Positive and disorganized symptoms may lead to a neglect of general health, while negative symptoms may undermine desire for reg-ular activity and exercise. Antipsychotic treatment is also associated with weight gain that may further erode activity. Although management of diet and lifestyle is not sufficient of itself to control schizophrenia, nevertheless, attention to these aspects may optimize brain function, improve quality of life and reduce excess mortality [1, 2] [5] , age of onset [6] , and risk for weight gain [7] ; metabolic syndrome [8] & Elevated homocysteine levels [9, 10] may increase oxidative stress [11] and lead to inhibition of NMDAR-mediated neurotransmission [12] & Genetic dysregulation of glutathione synthesis may also lead to increased brain oxidative stress [13] & Treatment with folic acid+vitamin B12 may lead to improved negative symptoms in individuals with genetic alterations in folate absorption [14, 15] 
Pharmacological treatment
Pharmacological management remains the mainstay treatment for schizophrenia. Pharmacological treatment should be based on well-defined target symptoms. Symptoms of schizophrenia are typically divided into positive, negative and cognitive (disorganized) factors, along with depression and excitement. Cognitive dysfunction, as measured using tests such as the MATRICS Consensus Cognitive Battery [16] or Brief Assessment of Cognition in Schizophrenia [17] , represents an independent domain of psychopathology, and is associated with poor long-term outcome. Both positive and negative symptoms may persist despite antipsychotic treatment. Persistent negative symptoms are particularly associated with poor outcome. Antipsychotics are without demonstrated efficacy on neurocognitive deficits in schizophrenia, which remain a cause of persistent social and occupational disability.
& Antipsychotics function primarily by inhibiting activity of dopamine at D2-type dopamine receptors. & Activity at other receptors leads to differences in side effect profile and tolerability, but no systematic effect on efficacy. Liability for allcause-discontinuation, weight gain, extrapyramidal side-effects and prolactin increase vary significantly across compounds [18] [36] and is underused [37] . Reduced risk of suicide outweighs potential consequences of agranulocyotsis [37] . Racial disparities in use of clozapine have been observed [38] Oral antipsychotics
Oral antipsychotics or short-acting injectables are the most common starting treatments for patients with schizophrenia. Antipsychotics are divided into high vs. low potency based on liability to produce motor side effects, and into first (FGA) vs. second (SGA) generation agents based upon year of development, with risperidone, which was first marketed in 1994, generally considered the first SGA. A key exception, however, is clozapine, which was first synthesized very early during the course of antipsychotic development (1955), yet was subsequently shown in the late 1980s to have unexpected clinical effectiveness and reduced risk for Parkinsonian side effects and tardive dyskinesia. The discovery of these atypical effects of clozapine led to the realization that even though both antipsychotic effects and Parkinsonian side effects reflect D2 blockade, the two sets of effects could be dissociated, either because of regional specificity of the D2 blockade itself, or regionally specific mitigation effects. A second nomenclature that attempts to capture the distinction between different classes of agent is division of compounds into "typical" vs. "atypical" agents, based upon reduced risk for extrapyramidal side effects. Different atypical antipsychotics have different underlying pharmacologies. Based upon the high affinity of clozapine for 5-HT2A receptors, one approach to atypical antipsychotic development was synthesis of compounds with high potency at 5-HT2A receptors relative to D2 receptors. Examples of such compounds include risperidone; 9-OH risperidone (aka paliperidone), olanzapine, quetiapine, ziprasidone, lurasidone, or iloperidone. In contrast, aripiprazole and the more recently developed compound cariprazine [39] have reduced extrapyramidal side effects because of intrinsic D2 agonism, which may, however, limit their antipsychotic efficacy for some subjects.
Other receptors, including D3 [39] and 5-HT1A [40] , may also play a role in efficacy and tolerability. A comprehensive discussion of the role of specific receptors in antipsychotic atypicality has recently been published [41•] .
The complex pharmacology of SGAs also leads to increased susceptibility for specific side effects including weight gain and QTc prolongation. Furthermore, despite the attempt of the SGAs to recreate the superior clinical potency of clozapine, to date this quest has been unsuccessful. Two large effectiveness studies, CATIE [42] in the US and EUFEST [43] in Europe, as well as recent meta-analyses of randomized controlled trials [18] failed to show superiority of second generation; atypical agents over first generation; typical agents. A more useful approach to the typical; atypical nomenclature is subclassification of compounds according to antipsychotic efficacy vs. liability to induce specific types of side effects, including 1) weight gain; metabolic syndrome, 2) extrapyramidal side effects, 3) prolactin increase, 4) QTc prolongation, or 5) sedation.
Clozapine remains the only compound with clearly superior efficacy. According to recent meta-analyses [18] , other compounds with somewhat superior efficacy compared to the class as a whole include amisulpiride, olanzapine and risperidone. The somewhat greater efficacy of olanzapine was also reported in the CATIE [42] and EUFEST [43] trials. Nevertheless, olanzapine and clozapine have highest rates of weight gain, while haloperidol, ziprasidone and lurasidone are relatively weight neutral. By contrast, haloperidol, chlorpromazine and lurasidone have relatively high rates of extrapyramidal side effects, and risperidone; paliperidone show high risk for prolactin elevation.
Thus, decisions regarding compounds should be based upon trade-off of different side effects for individual patients rather than FGA; SGA or typical; atypical antipsychotic distinction, and some compounds such as perphenazine or haloperidol remain viable compounds despite between typical FGA agents. Interestingly, all-cause discontinuation is lowest with compounds that show the greatest clinical efficacy (e.g. amisulpiride, olanzapine, clozapine, and risperidone), suggesting that discontinuation decisions are driven primarily by efficacy, rather than tolerability issues. Although SGAs were markedly more expensive that FGAs when first introduced, many such as risperidone and olanzapine are now available in generic formulation and costG$1.00/day. Cost effectiveness debates, therefore, no longer center on relative cost of SGAs vs. FGAs, but rather on cost of newer, proprietary SGAs (e.g., asenapine, iloperidone, lurasidone, cariprazine) vs. generic SGAs (risperidone, olanzapine). While proprietary compounds may be more effective for individual subjects, nevertheless, newer SGAs as a group have not been shown to be superior to the original SGAs that are now available in generic form.
Standard dosage The standard dosage varies by compound. Consensus criteria are available in [44, 45] (see Table 1 ).
Contraindications Known or past failure of antipsychotics. History of neuroleptic malignant syndrome.
Main drug interactions Extensively metabolized by microsomal P450 enzymes, including CYP2D6, CYP1A2 and CYP3A4/5. Genomic variability in these enzymes may lead to variations in drug metabolism and susceptibility to side effects [22, 46, 47] .
Special points The availability of special formulations such as rapid acting intramuscular (IM) or sublingual tablets may contribute to treatment decisions.
Cost-effectiveness Highly cost effective, given risk of relapse following discontinuation. SGAs probably cost effective vs. FGAs, given lower rates of discontinuation. Cost effectiveness of proprietary vs. generic SGAs not established.
Class of drugs: long-activity injectable (LAI) antipsychotics
LAIs have the advantage of higher adherence rates and more stable plasma levels. The first LAIs introduced, fluphenazine in 1972 and haloperidol in 1986, were high potency typical antipsychotics and thus had the disadvantage of high risk for EPS. The first injectable SGA, risperidone, was a microencapsulated formulation that required 3 weeks to begin releasing compound, and thus was difficult to use. More recently developed atypical injectables, including paliperidone, olanzapine, and aripiprazole, while ex- pensive, may be cost effective in reducing hospitalization and may therefore offer advantage to oral compounds.
Standard dosage Varies by compound.
Contraindications Inability to tolerate oral formulation.
Main drug interactions Varies by compound.
Special points For discussion of practical issues such as specific indications, approved injection sites, needle gauge, injection volume and intervals, see [48] .
Cost-effectiveness Strong support for cost-effectiveness of based upon reduced hospitalization [49, 50] .
Class of drugs: clozapine
The atypical clinical effects of clozapine, including superior efficacy and reduced risk for tardive dyskinesia, were demonstrated post-hoc in the late 1980s. Its use is complicated by the potential for inducing fatal agranulocytosis, which necessitates weekly blood monitoring. It may also be tolerated poorly due to side effects such as orthostatic hypotension or weight gain, and at high doses is associated with increased seizure risk. Nevertheless, its superior efficacy is supported by both large-scale effectiveness studies such as CATIE [42] and EUFEST [43] and by meta-analyses of RCTs [18] , suggesting that more widespread use is probably warranted [37] . Furthermore, clozapine may decrease risk for suicide over and above antipsychotic effects [51] . Suicide remains a major cause of excess mortality in schizophrenia. Along with effects on dopaminergic, serotonergic and cholinergic receptors, clozapine modulates NMDAR function [52] , which may underlie its differential efficacy.
Standard dosage 150-600 mg (maximum FDA dose=900 mg).
Contraindications History of clozapine-induced agranulocytosis or severe neutropenia or spontaneous myeloproliferative disorder. Coma or severe CNS depression. Seizure history.
Main drug interactions CYP1A2, CYP2D6, CYP3A4.
Special points Dose-related increased risk for seizures. [53] . Has anti-suicide effects over and above
Cost-effectiveness Cost of monitoring more than offset by cost of reduced hospitalization and increase in life expectancy [41•] .
Interventional procedures
Potential interventional approaches include behavioral interventions such as cognitive remediation (CR) or cognitive behavior therapy (CBT), or neuromodulatory treatment such as transcranial magnetic stimulation (TMS), transcranial direct current stimulation (tDCS) or electroconvulsive therapy (ECT). For subjects with anti-NMDAR antibodies, specific immunosuppressive therapies may be effective.
& Cognitive remediation may produce moderate improvements in cognitive function [54] . However, interventions remain difficult to implement, require high levels of patient adherence, and standard approaches have not yet been developed & Sensory deficits may contribute significantly to social and functional impairments [55, 56•, 57] . Therapies aimed at reversing these deficits, such as music therapy [58] or auditory training [59, 60] , may have a significant impact on negative symptoms, depression and social function & Reading impairments may contribute disproportionately to impaired occupational outcome [61, 62] and may respond to specific behavioral intervention & Transcranial magnetic stimulation (TMS) currently under investigational use for treatment of negative symptoms [63] & Cognitive behavior therapy for relapse prevention [64] and positive/ negative symptom treatment [65] . May be effective even in cognitively impaired, low functioning patients [65] & TMS has shown effects in some studies [66] , but use has been inconsistent over studies and may be relatively time limited (G 1 mo) [ 
Emerging treatment
All current medications for schizophrenia are based upon dopaminergic models. More recent drug development activities, however, are based upon glutamatergic models. Glutamate models derive from the ability of NMDAR antagonists such as phencyclidine (PCP) or ketamine to induce symptoms that closely resemble schizophrenia [72] (Fig. 1) . NMDAR are modulated by the amino acids glycine and D-serine, which are present endogenously in the brain, and by glutathione, which binds to a redox-sensitive site [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 21 
